mutation in the gene coding for the sialic acid transporter SLC35A1 is required for platelet life span but not proplatelet formation.
Sialylation is known to regulate platelet clearance. 1 Sialic acids are terminal sugar components of the oligosaccharide chains of glycoproteins and glycolipids. During platelet ageing, surface modifications such as the loss of sialic acid (i.e. desialylation) expose β -galactose residues. These senescence antigens facilitate platelet clearance, influence the platelet life span, and stimulate thrombopoietin (TPO) production. 2 Greater exposure of nonsialylated glycan chains may be associated with accelerated platelet clearance.
Sialyltransferases constitute a family of glycosyltransferases that transfer sialic acid from the donor substrate (cytidine-5'-monophosphate (CMP)-sialic acid) to acceptor oligosaccharide substrates. 3 Mice in which the St3gal4 sialyltransferase gene has been knocked out are thrombocytopenic; the absence of sialic acid increases β -galactose exposure and thus results in the rapid clearance of platelets from the circulation. 4 In sialic acid metabolism, a specific transporter (solute carrier family 35 member A1 (SLC35A1)) transfer CMP-sialic acid to the medial-and trans-Golgi apparatus, where it is used as a substrate for the sialylation of proteins by various sialyltransferases ( Figure 1 ).
Here, we report on a congenital deficiency in SLC35A1 in two siblings born to consanguineous parents and who displayed moderate macrothrombocytopenia. The sister 5 to 12 fL), the platelet volume was high (mean ± SEM: 15.7 ± 3.9 fL (n=31) for II:1, and 19.1 and 20.4 fL for II:2). A peripheral blood smear review revealed the presence of giant platelets and macroplatelets ( Figure 2A ). Fluorescence analysis of the immature platelet fraction (on a Sysmex XE 5000 hematology analyzer) indicated high levels of reticulated platelets: 54% and 66% (n=2) for II:1, and 46% and 60% (n=2) for II:2; the normal range is <5%). Bone marrow aspirate smears of II:1 revealed an elevated megakaryocyte count (>2 megakaryocytes per low-power field), with a predominance of immature forms (characterized by small size, hypolobulation, and a basophilic cytoplasm, as observed in peripheral thrombocytopenia; Figure 2B ). The elevated proportion of immature platelets and the bone marrow analysis results were suggestive of a compensatory mechanism for peripheral thrombocytopenia.
By combining whole-exome sequencing with the genetic mapping of disease loci (assuming autosomal recessive inheritance), we found that patient II:1 was homozygous for a missense mutation in the SLC35A1 gene (NM_006416.4: c.439T>C: p.Ser147Pro, Figure 2C ). The presence of this variant in both siblings was confirmed by Sanger sequencing ( Figure 2C ).
The variant was absent from the dbSNP150, 1000Genomes or ExAC Browser databases, and was predicted to be pathogenic (Polyphen-2 score: 1). 5 Both parents were heterozygous for the mutation ( Figure 2C ). The SLC35A1 protein comprises 10 transmembrane domains (TMDs), and a topology analysis indicated that the p.Ser147Pro mutation was located in TMD-5. Given that the insertion of a Pro residue into a TMD is predicted to have a profound impact on a protein's activity, the mutation p.Ser147Pro is expected to be deleterious. The cytoplasmic loop between TMDs 4 and 5 is important for SLC35A1's transporter activity, 6 and so a mutation in TMD-5 might change the protein's activity via a conformational change in this loop and/or by destabilizing the transmembrane helix. Capillary electrophoresis of patient II:1's serum transferrin ( Figure 2D ) showed elevated levels of hyposialylated glycoforms (3-sialo to 1-sialo), which is highly suggestive of a congenital disorder of glycosylation and thus the impaired maturation of protein-linked N-glycans in the Golgi apparatus. SLC35A1
deficiency has been referred to as congenital disorder of N-linked glycosylation IIf (CDG-IIf),
with the new nomenclature SLC35A1-CDG. 7 Given the recent discovery of sialylation's importance in senescent platelet clearance, a congenital deficiency in the CMP-sialic acid transporter might account for the thrombocytopenia identified in the two probands. Since SLC35A1 is expressed in megakaryocytes and platelets (data not shown), we analyzing platelets from patient II:1. We performed a flow cytometry assay for platelet β-galactose exposure by using the lectin Ricinus communis agglutinin (RCA), which is specific for the β-galactose exposed in the absence of sialic acid. The significant elevation (p<0.001) in platelet surface RCA labeling for II:1 was highly suggestive of a sialylation defect ( Figure 3A ). To take platelet size into account, we also measured the ratio of the mean fluorescence intensity (MFI) of RCA to the MFI of GPIIb. A significant elevation (p<0.01) in II:1 (relative to a control) was still observed ( Figure 3B ) -indicating the presence of a qualitative defect in platelet sialylation. This defect could not be attributed to anti-GPIb antibodies (which have been reported elsewhere to induce platelet desialylation in immune thrombocytopenia (ITP)) 8 because none were present in II:1's plasma, according to a conventional assay. Moreover, we confirmed the absence of a plasma effect on platelet sialylation; when normal platelets were incubated with either normal plasma or patient II:1's plasma, no difference in the mean ± SEM RCA binding was observed (21552 ± 1003 and 23080 ± 1930 arbitrary units (AU), respectively; n=3). In contrast, the incubation of normal platelets with control plasma in the presence of botrocetin (a positive control) induced greater RCA binding (38845 ± 880 AU, n=3; p<0.001), as expected. 9 Next, we investigated the sialylation defect by Western blotting II:1's platelet lysate. The RCA intensity was four-fold higher in II:1's platelets than in a control sample ( Figure 3C ), and several bands were only present in patient II:1 (at around 100 kDa, 70-72 kDa, and 56-58 kDa). Interestingly, treatment with neuraminidase increased the RCA intensity in control experiments but not in experiments with patient II:1's platelets -indicating that the latter are already markedly hyposialylated. Taken as a whole, our results suggest that SLC35A1 has a major role in platelet sialylation.
Given that the sialic acid content and β-galactose exposure at the platelet surface are highly relevant for platelet clearance and platelet life span, we next measured the clearance of patient II.1's hyposialylated platelets in mice. Platelet survival was evaluated in vivo after the injection of washed platelets into the circulation of non-obese diabetic/severe combined immunodeficiency (NOD SCID) gamma mice. As shown in Figure 3D , 46 ± 15% of the control platelets were detected in the circulation 90 minutes after platelet injection. In contrast, II:1's platelets were virtually undetectable -strongly suggesting that the patient's platelets had a very short life span. Given that the circulating platelet count results from the balance between platelet clearance and platelet production, we next looked at whether a mutation in SLC35A1 disturbed in vitro proplatelet formation in cultured human megakaryocytes (MKs).
Peripheral blood CD34+ cells from the controls and patient II.1 were differentiated in vitro in the presence of TPO. We did not observe defective proplatelet formation in the patient's MKs, which contained normal-sized coiled elements (i.e. future platelets) ( Figure 3E ). These results suggest that SLC35A1-dependent sialic acid transport in MKs is not involved in platelet formation. Macrothombocytopenia has already been reported in two patients with (respectively) a p.Gln101His mutation 10 and a homozygous G>A substitution in the donor splice site of intron 6 in the SLC35A1 gene. 11 Furthermore, mutations in the gene coding for glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine kinase (GNE) (Figure 1 ) -an enzyme involved in the CMP-SA pathway -has been linked to macrothombocytopenia. 12, 13 However, platelet sialylation and life span were not investigated, and a link between thrombocytopenia and defect in platelet sialylation was not highlighted.
Here, we demonstrated that a severe defect in the sialylation pathway resulted in (i) the hyposialylation of platelet glycoproteins, and (ii) a severely shortened platelet half-life. generates phosphorylated forms of sialic acid, which must be dephosphorylated by a specific phosphatase (Neu5Ac-9-P-phosphatase, NANP) to yield free sialic acid in the cytoplasm.
The free sialic acid can then reenter the biosynthesis pathway (indicated as "salvage" in the diagram). The CMP-SA (produced in the nucleus) is transferred by SLC35A1 into the Golgi apparatus, where it is used as a substrate for sialylation by sialyltransferases. 
